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Upon performing. under well defined conditions, the electrolysis of organic solutions containing vinylic polymerizable
monomers. one can make “hairs” of polymers grow one the surface of the electrodes. The objects obtained by this
synthesis constitute true chemical curiosities. Significant contributions from our group are reviewed, which show
that the polymer chains are chemically bound to the surface by carbon/metal bonds. and that the thickness and the
grafting ratio of the polymer film can be monitored thanks to the electrochemical nature of the initiation steps. These
features have motivaled many interesting applications in various fields. such as corrosion. adhesion. lubrication or
medical surgery, for which the type of the polymer to be grafted (and hence the starting monomer) could be chosen.
and the nature of the polymer/metal interface monitored. A detailed overview of the very molecular mechanism of
the reactions occuring at the metal/solution interface thus had to be obtained. These mechanisms are very complex.
as they involve several competitive paths in solution and on the surface. Some of our contributions in this area are
reviewed. focusing on the benefits of a peculiarly strong coupling between surface analysis and theoretical models
making use of quanturn mechanics on real systems.

1. Introduction
Vinylic monomers such as acrylonitrile (AN) [1],

methacrylonitrile (MAN) [2], N-vinyl pyrrolidone (NVP) T T :

[3] or methyl-methacrylate (MMA) [4] (Fig. 1) undergo an H\C /C\c H\C /C\C

electropolymerization reaction at metallic electrodes, when | \N AW
H

submitted to an electrolysis in an anhydrous organic me-

dium (Figs. 2). One significant feature of this synthesis is Methacrylonitrile
.. . Acrylonitrile (AN) (MAN)

that two distinct types of polymers are obtained as prod-

ucts of reaction: (i) a physisorbed polymer which can eas- H
ily be removed by rinsing with a proper solvent (e.g. aceto- T 0 , | o
nitrile for PolyMethAcryloNitrile (PMAN)) [5], and which N /C \C/C \(
can be up to several micrometers thick [6] depending on T J‘ J
the potential scanning protocol during the synthesis ; and H g s
(ii) a so-called “grafted” polymer, which is not removed

N-viny! pymolidone Methyl methacrylate

from the metallic surface by rinsing, even under sonica-
tion, and which is never thicker than a few hundred
Angstroms [1,2].

The obvious difference between the two types of polymers
is illustrated inFig. 3, in which the thickness of
electropolymerized PMAN coatings are measured by
ellipsometry, and reported as a function of various

(NVP) (MMA)

Figure 1 Molecular structures of various polymerizable
monomers used for electropolymerization reactions. AN,
MAN and MMA are electropolymerized cathodically.
while NVP is used at the anode.

This paper is dedicated to Dr. Gérard Lécayon for his retirement. and in honor of his pioneering contributions to the achieve-
ment and study of the grafting of polymers onto metallic surfaces.
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Figure 2 Infra-Red spectra (under Reflexion Absorp-
tion Spectroscopy (RAS) conditions) of commercial
Poly-Vinyl Pyrrolidone (PVP) spin coated on gold (top).
and of a gold electrode PVP film clectrografted on a
eold electrode. Note the absence of defects in the

electrografted film.

rinsingprocedures [7]. Let us first recall that PMAN is in-
soluble in its monomer (MAN), but highly soluble in ac-
etonitrile (CH,CN) and acetone.

Fig. 3a illustrates that of a global PMAN coating of
about 95 nm (obtained by electropolymerization in pure
MAN), more than 85 nm are eliminated upon rinsing with
acetone, hence pointing to a physisorbed PMAN layer. Only
the first 10 nm. which are not removed even under sonica-
tion, constitute the remaining grafted polymer. Fig. 3b il-
lustrates the fact that if the electropolymerization is now
performed in a solution containing only 20 % of acetoni-
trile in MAN. then only a thin layer of about 10 nm is di-
rectly obtained. These 20 % acetonitrile were sufficient to
solubilize the physisorbed polymer, but not to eliminate

Pure MAN MAN in 20% CH,CN
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Figure 3 Solubility properties of electrolytic me-
dium against Poly-MethAcryloNitrile (PMAN).
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Figure 4 Profiles of thicknesses along a diameter of the
RDE polarised in a solution containing 20. 40 and 80%
of methacrylonitrile

the underlying grafted film. Note that the thickness of this
film remains unchanged upon further rinsing with acetoni-
trile or acetone, even under sonication, and is identical to
that of Fig. 3a [7].

The fact that a grafted polymer film is found on the
surface whatever the solubilizing nature of the solution used
for the synthesis, suggests that it is obtained directly via
surface chemical reaction. One shall note that the alterna-
tive hypothesis of a crosslinked (and hence insoluble) poly-
mer precipitating on the surface has been previously con-
sidered [8]. However, recent TOF-SIMS experiments car-
ried out on PN'VP have demonstrated that the grafted poly-
mer is not crosslinked [9] .

The intuition of a reaction starting from the surface is
further qualitatively confirmed by the fact that one can even
obtain the above grafted film on the surface of a Rotating
Disk Electrode (RDE), spinning at very high rotation rate,
say = 10000 rpm. At such a high rate (which corresponds
to that of the engine of a formula 1 car at start), drastic
stirring conditions are forced in the vicinity of the metallic
surface : a rough estimation by Navier-Stokes equations
reveals that centrifugal velocities of several cm/s are reached
even a few nanometers above the rotating surface [7]. One
finds that the grafting process is essentially insensitive to
such experimental conditions [7] : a grafted PMAN film is
present at the end of the synthesis, and its thickness is of
the same order of magnitude (i.e. a few tens of nm) as for
the films obtained at w = 0 rpm (Fig. 4) [7].

Additionaly, recent experiments in which the
electropolymerization is performed on the metallized crystal
of a quartz microbalance, reveal that grafted PMAN or
PNVP layers are rigidly attached to the surface as they are
formed (the notion of rigidity being meant is the sense of
the Sauerbrey equation [10]) {11]. However, a simultaneous
and in-situ measure of both the eigenfrequency (Df) and of

-160-




Journal of Surface Analysis Vol. 6 No, 2 (1999) C. Bureau et al. Synthesis and Structure of Polymer/Metal Interfaces: ...

e,
e _( s

of ;
!
i

F sedttprngrriifly “:...,..,,I"'“"‘“

Ariy
E s
RS

1]
-

EMY

Figure 5 Simultaneous plots of the quartz frequency
variation 4— ) and the quartz resonant resistance
intensity variation AR (—) vs. potential (Ag*/Ag)
during the first cyclic voltammetric experiment in a
solution containing MAN (80 vol.%) in acetonitrile
(20 vol.%) at a scan rate of 20 mV.s™. Plot of the
quartz resonant resistance intensity variation re-
corded for a solution containing TEAP only (+++)
is reported on the graph for comparison. The dots
line (.....) indicates the position of the voltammetric
peak maximum. Inset : Simultaneous plots of the
reduction current (-—) and the whole quartz reso-
nant resistance intensity variation4— ) vs. potential
(Ag*/Ag) for a solution containing MAN (80 vol.%)
in acetonitrile (20 vol.%).

the equivalent resistance changes (DR) of the quartz crys-
tal indicates that the coating which is being built on the
surface in the course of the voltammetric experiment is
actually rigid only over a limited range of electrode poten-
tials, namely before the voltammetric peak (Fig. 5). At and
over a few hundreds of mV after the voltammetric peak,
the eigenfrequency of the quartz crystal shows a steep de-
crease, but which cannot definitely be attributed to mass
uptake on the surface : indeed, the equivalent resistance
DR of the quartz crystal simultaneously increases to sev-
eral MW, indicating that considerable viscoelastic losses
are occuring within the (viscous) coating which is being
deposited on the surface. This feature was attributed to the
gelification and/or the precipitation of the incompletely
swollen polymer coming from the solution [11]. Since this
gelification and/or precipitation is occuring at electrode
potentials more cathodic than the above rigid zone, one
can conclude that the gelified and/or precipitated polymer
is deposited on the surface after the grafted film is formed,
i.e. it is deposited on the grafted film, as Fig. 3 suggested.

This short list of qualitative arguments strongly argues
in favour of a grafted polymer being formed directly on the
surface of the metallic electrode. An overall - probably sim-
plistic - picture of electropolymerized layers is that of
« hairs » of polymer chains, one portion of which are chemi-
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Figure 6 Artist’'s view of the electrografting pro-
cess. highlighting the size of the starting molecules
(the monomers), and the presumed ideal arrangement
of both the grafted chains and the entangled non
grafted chains.

cally grafted on the surface, the other chains being entangled
in the grafted brush (Fig. 6).

Whatever the actual grafting ratio (i.e. the proportion
of surface sites occupied by a polymer chain), our
electropolymerized layers show very original properties,
which would all be in line with the occurrence of the grafted
layer, i.e. with the fact that metallic surface atoms are in-
volved in chemical bonds with the grafted polymer [12).

First, the occupation of the metallic surface sites by
grafted chains is the source of a strong barrier effect against
corrosion. Fig.7 shows a picture of ordinary steel protected
by a 40 pm film of PolyAcryloNitrile (PAN) on the right
side, and left in deaerated sea water for 1 month. The pro-
tection achieved by this layer is all the more striking as
more than 300 um are needed to get the same result with
traditional varnishes, and as PAN is not precisely known
for his intrinsic barrier virtues against corrosion. Even the
more severe test of impedance spectroscopy reveals that
the PAN film constitutes a quasi ideal capacitor over the
whole frequency domain (Fig. 8). Note that the low ca-

*Fitn1 coated...

Figure 7. Picture of a steel coupon partly coated with a
40 um thick film of PAN, and left in aerated sea water
for one month (maguification x10).
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Figure 8 Impedance spectroscopy diagrams of a PMAN
film, giving the capacity (top) and the phase angle (bot-
tom) as a function of excitating frequency. Measurements
are performed in water at various ages of the film (=0,
24 h.48 hand 21 days). The solid line (low and constant
capacity. phase angle = 90°) is the behaviour of an ide-
ally protecting capacitor.

pacitance measured in the low frequency domain actually
is an artifact, stemming from the paramount capacitance of
the sample, which is not adapted to the one of the imped-
ance-meter, rather than to a true deficiency.

Second, when a PerFluoro-PolyEther (PFPE), tradition-
ally used for lubrication on gold contacts in microelectron-
ics, is deposited on a pyrolyzed PAN film, considerable
improvements are obtained as to the tribological proper-
ties of the assembly. Fig. 9a shows that for a golden ball
sliding on a gold surface (pressure : 50 gf) covered with
about 200 nm of PFPE, the polymer layer is wiped out from
the sliding zone after 80 cycles, leaving the two metallic
-surfaces in contact, with a resulting high friction coeffi-
cient between them. In Fig. 9b, the sliding zone of a layer
made of 50 nm of pyrolyzed grafted PAN + 100 nm PFPE
is still essentially intact after 250 cycles. More importantly,
Fig. 9b shows that the PFPE lubricant was not evacuated
from the sliding zone. Due to the strong adhesion of the
PAN layer, the sliding of the ball actually occurs in be-
tween the PFPE and the pyrolyzed PAN film, and not di-
rectly on the metallic surface. In addition, Fig. 10 shows
than under a pressure of 50 gf on the ball, the contact resis-
tance of the pyrolyzed PAN+PFPE assembly is still of the
order of 5 mW, i.e. about the same as genuine golden con-
tacts. This feature is due to the PAN film, which is changed
from an insulator to a semi-metal upon pyrolysis, ultimately
leading to carbon fiber [12].
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Figure 9 (a) Friction coefficient as a function of the
number of cycles tor a golden ball sliding on a gold
surface (pressure : 50 gf) covered with layers of com-
mercial PerFluoroPolyEther lubricants. The picture on
the right is a x50 view of the track region after 100
cycles on the 198 nm thick sample.

(b) Friction coefficient as a function of the number of
cycles for a golden ball sliding on a gold surface (pres-
sure : 50 gf) covered with a 50 nm PAN film pyro-
lyzed at various temperatures (resulting thickness = 50
nm). The same quatity is also shown for a lubricated
PAN film (450°C PAN + PFPE). The picture on the
right is a x50 view of the track region after 220 cycles
on the lubricated PAN film sample.

2. On the grafting mechanism : tracking transcient

surface species

Eventhough the above arguments tend to focus onto the
same suggestion of a surface polymerization, deeper in-
sights have been conducted in order to understand the re-
action mechanism leading to the grafted polymer. One of
the main difficulty was to try and « separate » the mecha-
nism leading to the physisorbed polymer from that giving
the grafted one.
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Figure 1) Cumulated measures of the contact resistance
of PAN films, using the same device and experimental as
the one used for the friction coefficients measurements.
The best results are obtained for a PAN film pyrolyzed
for 30 s at 400°C. for which the contact resistance is 5
mW. i.e. the same as with a gold contact.

This turns out to be rather a difficult task. At low con-
centration in AN, the voltammetric i(V) curves recorded
during the synthesis (giving the current as a function of the
applied electrode potential) show a single, so-called diffu-
sion, peak (Fig. 11). This peak features the reduction of
AN into its radical anion (Fig. 12a). As the concentration is
raised, the voltammogram becomes much more complex,
and contains at least two non-diffusional peaks (Fig. 13).
The interpretation of the shape of this voltammogram is
still debated, but it most probably stems from a « regular »
peak enveloppe (such as those obtained at low concentra-
tion), in which a depletion is formed (Fig. 13). Our opinion
is that this depletion is caused by the abundant consump-
tion of the monomer in the vicinity of the metallic surface
because of the polymerization in solution (Figs. 12b-12c).
One can note that the polymerization which occurs in solu-
tion has a kinetics which is of second order with respect to
the concentration in monomer : it is thus faster as the con-
centration is increased (Fig. 12b). Accordingly, as this re-
action abundantly consumes monomer molecules, these are
prevented from being reduced and hence from contribut-
ing to the current, which leads to an early peak. This hy-
pothesis is qualitatively supported by recent numerical
simulation of voltammograms, obtained by solving the
partial differential equations of diffusion in the presence of
a coupled polymerization {13]. In short, this interpretation
of Fig. 12 leads to the conclusion that, as soon as the con-
centration in monomer is high enough for the polymeriza-
tion in solution to be active, this polymerization is the over-
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Figure 11 Series of voltammograms giving the mea-
sured electrochemical current as a function of the volt-
age applied to the working electrode (with respect to a
reference silver electrode), for a 5.10° mol.dm™ solu-
tion of acrylonitrile in acetonitrile. The electrode poten-
tial is imposed linearly from —1.5 to -3.1 V/(Ag*/Ag), at
scan rates varying from 20 to 1000 mV/s (see insert).
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Figure 12 Reaction mechanism accounting for the for-
mation of the polymer film formed in solution (on the
instance of acrylonitrile). and comprising : (a) the re-
duction of the monomer to form the radical anion, (b)
the dimerization of the radical anion to form a bi-func-
tional initiator, and (c) the propagation reaction in solu-
tion.

whelmingly major phenomenon, and thus prevents the di-
rect study of the sole grafting reaction.

In between the above two, high and low, concentration
domains, however, we have noticed that apparently con-
ventional (one peak) voltammograms could be obtained,
although the peak is not of a purely diffusional character
anymore (Fig. 14). As shown in Fig. 14, the convolved cur-
rent I(V) (easily computed from the experimental i(V) [14])
exhibits a maximum : this feature, seldom encountered,
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Figure 13 Series of voltammograms for a 5.10°
mol.dm™ solution of acrylonitrile in acetonitrile. illus-
trating the appearance of multi-peak curves. most prob-
ably stemming from the abundant consumption of the
monomer molecules by the coupled polymerization
in solution. The electrode potential is imposed linearly
from —1.5 to -3.1 V/(Ag*/Ag). at scan rates varying
from 20 to 1000 mV/s (sce insert).
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Figure 14 Voltammogram obtained for a 10~ mol.dm-?
solution of acrylonitrilc in acetonitrile (dashed curve).
and corresponding convolved current (solid line) calcu-
lated from the raw data. illustrating the fact that the peak
current is not purely diffusional, and that adsorption ef-
fects are probably involved (occurrence of a maximum
on I(L)).

would be a direct proof that the radical anion of AN (Fig.
12a) is actually formed on the surface of the electrode, i.e.
it is chemisorbed [14]. This suggestion amounts to esti-
mating that the charge transfer reaction is incompletely de-
scribed by Fig. 12a : one has to replace it by the more de-
tailed picture given by Fig. 15, featuring an adsorbed prod-
uct of reaction for the charge transfert, redox, reaction.

This proposal raises a certain number of questions, and
needs to be detailed.

The radical anion of AN is negatively charged, and as
the redox reaction has taken place on a cathode (a surface
which is polarized negatively), this anion would be strongly
repelled by the surface (Fig. 15). This suggests that this
species (if it exists) is highly unstable, and one may won-

C. Bureau et al. Synthesis and Structure of Polymer/Metal Interfaces: ...
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Figura 15 Proposed molecular model detailing that the
radical anion is adsorbed — according to experimental find-
ings (see Fig. 14) — and that the charge transfer step is
more complex than the simplistic view of Fig. 12a.
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Figure 16 N 1s region of the XPS spectra of : (a) initial
copper surface dipped in acetonitrile : (b) a copper sur-
face submitted to pre-electrolysis for oxide-reduction, and
subsequent dipping in acetonitrile : (¢) a copper surface
submitted to pre-electrolysis and subsequent dipping into
a solution of acrylonitrile in acetonitrile.

der whether its introduction is merely relevant to account
for the reaction path.

Actually, the issues of : (i) the possibility of its being
formed on the surface ; and (ii) its lifetime on the surface
once it is formed; are intrinsically different matters, and
we shall consider them separately. Indeed, Fig. 16 shows
the N1s region of the XPS spectra of three different copper
electrodes ; in Fig. 16a, the copper electrode has been
merely dipped into acetonitrile (the solvent), dried and put
into the UHV chamber of our ESCA apparatus. It shows
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no trace of nitrogenated species. In Fig. 16b, the copper
surface has been submitted to electrochemical polarization
in the absence of the monomer (pre-electrolysis), rinsed
with acetonitrile, and then put under UHV : two N1s lines
are obtained, at 398.9 and 400.3 eV, which correspond to
chemisorbed acetonitrile molecules [15]. In Fig. 16¢, acop-
per surface is first pre-electrolyzed (solvent only), the po-
larization is stopped while the electrode is kept in the sol-
vent, and AN is then added dropwise to the solution. The
electrode is then rinsed with acetonitrile and put into the
UHYV chamber. One N1s line is obtained at 399.9 eV, which
has been shown to correspond to chemisorbed AN, lying
flat on the surface [16]. This shows that neutral AN chemi-
sorbs more readily on metallic Cu than the solvent, and is
capable of displacing the adsorbed solvent molecules ob-
served in Fig. 16b. The true reactant in the synthesis is thus
chemisorbed neutral AN, lying flat on the surface, rather
than a Cu surface in front of free AN molecules : as the
charge transfer occurs under Bom-Oppenheimer conditions
(i.e. at fixed positions for the nuclei), the radical anion of
AN is thus readily formed chemisorbed on the surface, ini-
tially at the geometry of the adsorbed neutral AN molecule
[17]. Hence, we recover in a different way the conclusions
obtained with the convolved currents (Fig. 14).

The second issue is now to be able too determine the
lifetime of this chemisorbed anion on the surface, before it
desorbs and eventually goes into the solution. Note that -
at this point - the traditional RRC coupling (Figs. 12b-12c)
is recovered once the adsorbed radical anion desorbs. This
accounts for the polymerization in solution. Our point is
now to examine whether the chemisorbed radical anion has
sufficient a lifetime to do some surface chemistry before it
desorbs, and account for the grafting mechanism (Fig. 17).

3. On the lifetime of the chemisorbed radical an-
ion : a theoretical model
A direct measure of the lifetime of the presumed chemi-
sorbed radical anion, although possible in principle, is pres-
ently out of reach. First because it is only presumed, and

Il

\x\

Figure 17 Presumed reaction mechanism account-
ing for the formation of grafted polymer chains on
the electrode.
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second because it would involve rather complex experi-
mental procedures, e.g. coupling non-linear optics (such
as Sum Frequency Generation) to pico-second time reso-
lution. Work is in progress in our group along these lines,
but we only wish here to present some arguments support-
ing our views.

Our present concern is to be able to determine an order
of magnitude of the lifetime t of the chemisorbed radical
anion, on the basis of simple, sound but plausible theoreti-
cal considerations. We shall then compare t with the char-
acteristic time (k,.c)" for the surface polymerization to start
(Fig. 17). Indeed, the reaction depicted in Fig. 17 remains
relevant as long as T ~ (k,.c)™". If T << (k,.c)", then the chemi-
sorbed radical anion always desorbs before adding to a fresh

-monomer molecule, and the mechanism of Fig. 17 is irrel-

evant.

Making a theoretical evaluation of the lifetime t first
amounts to evaluating the effective potential energy hy-
persurface of the chemisorbed radical anion as a function
of its position with respect to the surface : distance, orien-
tation, intramolecular deformation...etc. Once this hyper-
surface is known, the lifetime can be easily deduced from
e.g. a numerical resolution of the time-dependent
Schrédinger equation describing the movement of the nu-
clei on this hypersurface.

In order to simplify the problem, and since a mere or-
der of magnitude is sought for, we have considered a one-
dimensional model for our system [17). Geskin et al. re-
cently published a study in which they modelled the initial
stages of the electropolymerization of AN precisely by us-
ing an external uniform electric field to simulate the Elec-
trochemical Double Layer (EDL) existing at a polarized
copper electrode [18]. They considered a monomer of AN
on several Cu, clusters mimicking the monocristalline
Cu(100) surface, using quantum-chemistry based Density
Functional Theory calculations. In their model, the whole
system is embedded in fields perpendicular to the surface,
with intensities ranging from 0.77.10% to 1.03.10% V.cm'.
They observe that for higher field strengths, the chemi-
sorbed radical-anion is unstable on the negatively charged
surface, in the sense that no bound state could be found
when trying to optimize its geometry. More importantly,
the dissociation between the molecule and the surface oc-
curs at the carbon/metal chemical bond. As far as the re-
sults of ref.{18] are concerned, there seems to be no disso-
ciation of the reduced molecule prior to desorption. Addi-
tionally, the internal molecular structure of the chemisorbed
radical anion is very similar to that whén it has desorbed
and is free: the dissociation essentially occurs at frozen in-
ternal coordinates for the radical anion [17]. This informa-
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Figure 18 Analytical form of the three contributions to
the one-dimensional potential modelling the interaction
between the chemisorbed radical anion of Fig. 15 and
the polarized metallic surface : Vy, (r). accounting for
the effects of both the interfacial double layer electric
field and the surrounding solvent. Vi, cyag(r), account-
ing for the interaction of the negative charge of the radi-
cal anion with its image charge within the metal, and
Vitorse(T). accounting for the carbon/metal interface bond.

tion indicates that one can plausibly model the chemisorbed
radical anion by a small sphere, bearing a negative point
charge, interacting: (i) with its image charge built within
the metal (attractive); (ii) with the electric field present
within the EDL (repulsive); and: (iii) attached to the sur-
face by a potential featuring a carbon/metal bond (attrac-
tive) (Fig. 18) [17]. In such a model, only the distance of
the center of the sphere to the surface plane is then varied,
and the effective potential (which is the sum of the three
above contribution), is one-dimensional, V() (Fig. 18)
{17].

The next step is to have functional forms for each of
the three above contribution to the global eftective poten-
tial, i.e. to exhibit parametrized functions, and connect their
parameters with experiment. This can be achieved pretty
easily for contributions (i) and (iii), which describe the
image charge and the interface chemical bond, respectively
(17]. This is more difficult for term (ii), which requires
that a functional relation be found between the experimen-
tal electrode potential (which is a macroscopic quantity, in
Volts) and the electric field within the EDL (which is a
microscopic quantity, in V.cm?).

4. Calibrating the repulsive term using the Stark-

Tuning effect

Such a calibration of the repulsive potential has been
performed by comparing theory with experiment on the
description of the Stark-Tuning effect of CO on Pd(100)
[17]. The experiments carried out e.g. by Zou et al. de-
scribe a Pd(100) electrode, covered with CO and polarized
in solution [19]. Simultaneously, the C-O and Pd-C stretch-
ing vibrational frequencies are recorded using Surface En-
hanced Raman Spectroscopy (SERS) as a function of po-
tential, veo = f(V), Vpse = g(V). The variations of these
vibrational frequencies has been interpreted as stemming
from the interaction of the dipole moment of CO with the
electric field within the EDL; and were thus referred to as
the Stark-Tuning effect [20].

We were particularly interested in these experiments,
because they are a direct way to probe the electric field
within an EDL: CO is a small molecule, which should be
completely embedded in the EDL. Moreover, a fully ab
initio theoretical estimation of this Stark-Tuning effect can
be carried out. Using Density Functional Theory, we have
computed how the C-O and Pd-C stretching frequencies of
a CO molecule adsorbed on Pd(100) clusters, vary as a func-
tion of an applied electric field E, perpendicular to the clus-
ter surface (Fig. 19) [17]. These calculations thus deliver
Veo = (Ey), Vpae = 2'(Ey), i.e. an estimation of the varia-
tions of the stretching frequencies as a function of the in-
terfacial electric field.

One thus sees that comparing theory with experiment
affords an implicit relationship between the electrode po-
tential V and the electric field within the EDL, E,. It turns
out that the experimental Voo = f(V) and vpee = g(V) curves
are straight lines [19]. The same is true for our theoretical
Veo = '(Ep), vpae = &' (Eg) curves, so that - ultimately - the
relationship between V and E, can be made explicit, and is

I Bridge

Figure 19. Molecular structure of the Pd,CO and
Pd,,CO clusters used to compute the effect of an ap-
plied uniform electric field on the vibrational frequency
of adsorbed CO, using quantum chemistry. The results
of these calculations, when compared to the correspond-
ing experimental measurements by SERS. afford a cali-
bration of Vp, (Fig. 18). i.e. of the interfacial electric
field under polarization in solution.
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linear [17]. A comparison between theory and experiment
reveals that the coefficient of proportionality, or so called
electric field rate (in (V.cm™). V™), is given by an equation
of the type :

Pem=a.z.(Coe)?

where a = 2.91.10¢ for pg, to be given in (V.cm). V-, z is
the charge of the ions of the (symmetric, z:z) supporting
electrolyte, C is the concentration in the supporting elec-
trolyte, and € is the permittivity of the solvent [17]. The
validity of this equation is pretty much connected to that of
the Gouy-Chapmann equation [21], which is used to de-
scribe the underlying structure of the EDL {17], and is thus
restricted to low concentrations in the supporting electro-
lyte. For a solution containing a (1:1) electrolyte ata 0.1 M
ionic strength in water (€ =78.5), the predicted electric field
rate is thus 1.04.107 (V.cm!).V"'. Note that this value is
pretty close to the one proposed by Bockris et al., namely
(2.9+0.3).107 (V.cm™). V-1 [22].

S. Chemisorbed radical anions : incidences of a
non-zero lifetime
Our experiments are carried out in acetonitrile (e = 36),
using a (1:1) supporting electrolyte (Tetra Ethyl Ammo-
nium Perchlorate, TEAP, (CH.CH,),N*, CIQy), at a con-
centration of the order of 0.1 M. Thus, for an electrode
potential of the order of 1 Volt apart from the Potential of

= Non-zero lifetime...
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Figure 20 Series of curves giving the effective potential
seen by the chemisorbed radical anion (sum of the three
terms of Fig. 18). as a function of distance with respect
to the surface, for various repulsive electric field strengths
at the interface. The potential is fully repulsive at E =
2.10° V/m. It is still repulsive at E > 2.107 V/m. but the
emergence of a well at p =2 A insures that the lifetime of
the radical anion on the surface is finite at such fields.
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Zero Charge (PZC), one is always in a situation where E; ~
107 V.em'!, or anyway E, < 10% V.em'! 'largely.

Fig. 20 shows a plot of the effective potential, V.4(r),
felt by our model charged sphere (Fig. 18) as a function of
distance r, for several electric field strenghts [17]. One sees
that in between high field strengths, say higher than 10°
V.cm'! where the potential is uniformly repulsive (= life-
time is zero), and low field strengths, lower than about 10¢
V.ecm! where the potential is that of a bound state (= life-
time is infinite), a new family of curves is obtained. For
fields of the order of 107-10% V.crm!, the effective potential
is - on the whole - repulsive, but contains a well in the
vicinity of the surface (and stemming mainly from the im-
age charge potential) (Fig. 20). Such a well is synonymous
with a non-zero lifetime for the charged sphere, and hence
for the chemisorbed radical anion on the polarized surface
[17].

Returning back to our questions of section 2, we may
now say that the hypothesis of a chemisorbed radical anion
is mandatory. The issue as to whether this compound is
capable of accounting for the grafted films is still unre-
solved, since it amounts to calculating and (if possible)
measuring its lifetime on the surface. What can be said at
present is that this lifetime is not equal to zero, and that
this hypothesis remains highly plausible.

Let us now stress that the lifetime of the first chemi-
sorbed radical anion is the only one we have to consider to
assess the grafting mechanism. Indeed, if one imagines that
proper conditions for grafting are fulfilled (t ~ (k,.c)*), then
the reaction depicted in Fig. 17 may occur, leading to a
dimeric chemisorbed radical anion. However, upon dimer-
ization, the anionic charge (which is essentially on the edge
carbon) is suddenly moved away from the surface by about
10 A (the edge-to-edge size of an AN molecule), as far as it
may go since it is repelled by the polarized metallic sur-
face (Fig. 17). At this point, the charge/surface Coulombic
repulsion is abruptly lowered, and the intrinsic instability
of the grafted organics suddenly disappears : the dimeriza-
tion involving the chemisorbed radical anion stabilizes the
overall chemisorbed structure, which is then ready for fur-
ther addition to another fresh AN molecule.

6. Characterization of the products of reaction :

surface analysis

There are two very significant consequences of the
mechanism depicted in Fig. 17: (i) at least for the mono-
meric and dimeric chemisorbed radical anions - the struc-
ture is embedded in the electric field of the EDL, which is
approximately perpendicular to the surface. One may thus
expect a strong preferential orientation of the polymer
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chains, one should find the footprint of at the end of the
synthesis; (ii) as suggested by the arguments listed in the
introduction, a chemical interface bond is expected between
the grafted chains and the metallic surface. Fig. 17 shows
that this bond is simply that through which the monomeric
radical anion remained chemisorbed (Fig. 18) before initi-
ating the grafted polymerization. It is thus also a frozen
footprint of the initial steps of reaction,

Both features, (i) and (i1), have been evidenced experi-
mentally.

Fig. 21 shows the XANES spectra of a PAN film, taken
at the carbon and nitrogen K edges both at normal and graz-
ing angle with a polarized incident X-ray beam from a syn-
chrotron source {23]. XANES is an absorption spectros-
copy, in which an electron coming from a core level (the
Cls and Nls in the present case) is excited to the Lowest
Unoccupied Molecular Orbital (LUMO). Quantum chem-
istry calculations show that for PAN, the LUMO is located
essentially on the p system of the CN groups [24]. Hence,
if the polymer chains are orented in any specific way with
respect to the surface, so will be the CN groups attached to
them, and one then expects different signal intensities from
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Figure 21 XANES spectra of a PAN film at normal
and grazing incidence, both at the N (top) and C (bot-
tom) K edge.

the grazing and normal incidence beams. As is seen in Fig.
21, this is actually the case [23].

Let us now turn onto the interface bond: Fig. 22 shows
the C Is region of the XPS spectra of various nickel sur-
faces {5]: (a) the initial nickel surface, showing hydrocar-
bon and carboxylate contamination; (b) a nickel surface
covered with a thick (> 500 A) PMAN film obtained by
electropolymerization; the corresponding spectrum locates
the two lines characteristic of PMAN; and: (¢) a nickel sur-
face covered with an ultra-thin PMAN film (= 20 A by
ellipsometry); in this last spectrum, one identifies the lines
encountered both in samples (a) and (b), plus one addi-
tional component located at 283.6 eV, i.e. compatible with
a carbon/metal bond [5]. Preliminary theoretical calcula-

- tion on model molecules mimicking a grafted monomer
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Figure 22 C Isregion of the XPS spectra of: (i) the
initial bare Ni surface (top): (ii) a Ni surface covered with
an electropolymerized PMAN film of 500 A; (iii) a Ni
surface covered with an electropolymerized film of 20
A. and enabling an evidencing of interfacial carbon/metal
bonds.
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and a grafted dimer, have given a predicted C 1s chemical
shift around 283.8 eV on a bound state bearing a C/metal
chemical bond [25,26].

In order to confirm this attribution on a sounder basis,
we have developped a method of calculation, based on
quantum chemistry, which enables the highly accurate com-
putation of Core-Electron Binding Energies (CEBEs). This
method, which is based on a generalization of the Transi-
tion State approach of Slater, makes use of Density Func-
tional Theory [27]. We have recently adapted it to the evalu-
ation of CEBEs for molecules chemisorbed on surfaces [28].
This approach is presented with many more details in an-
other paper of these proceedings, and feature articles may
also be found elsewhere [29].

7. Concluding remarks

This paper constitutes a brief review of our contribu-
tion to the study of electrochemical grafting. Thanks to the
electrolysis of polymerizable monomers in an organic me-
dium, we are capable of making « hairs » of polymer grow
on the surface of conducting materials. The building of true
chemical bonds between the polymer and the metal consti-
tutes the key point of our synthesis. New physico-chemi-
cal properties obviously stem from these interfacial bonds,
some of which may find definite use in applied fields such
as anti-corrosion, lubrication, adhesion, bio-
compatibilization.. .etc.

However, while these physico-chemical properties are
obvious at a macroscopic scale, the full characterization of
the interfacial molecular structures is still a difficult and
non totally resolved task. As one studies the sole product
of reaction i.e. the grafted polymer, one is faced with the
problem of burried interfaces, very few surface-sensitive
techniques can nowadays cope with. As one is interested in
the true reaction paths, i.e. the time-resolved building of
the grafted film, one is faced with the problem of transcient
species having very short lifetimes.

Both these difficulties point to the fact that only sur-
face-sensitive techniques are nowadays available to the
surface chemist, and that true interface-sensitive techniques
are either lacking or difficult to adapt for routine use. New
experiments are being attempted in our group along these
lines. However, we have also found it peculiarly useful to
examine what theoretical models can bring. Quantum chem-
istry calculations have now reached a high degree of qual-
ity and speed, which enables one to think of them as a true
piece of information, particularly when the corresponding
experiments are not easy to carry out. We have given here
the example of the calculation of XPS chemical shifts,
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which can nowadays be predicted with an accuracy of about
0.2 eV using Density Functional Theory (DFT). In our case,
DFT calculations have also been used to evaluate the life-
time of transcient chemisorbed species, and argue in favour
of amechanism involving surface chemical reactions. Much
can be taken out from theoretical models, considered as a
mere piece of information, no more no less. Having a very
accurate method of calculation at hand is e.g. amply suffi-
cient to increase the accuracy of an XPS apparatus at - al-
most - no cost, since most of these calculations can be per-
formed on personal computers. In this respect, we think
that this « theoretical complement » may find its place even
in the industry.
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